Microfluidic devices allow to produce physiologically relevant cellular microenvironments by including biomimetic hydrogels and generating controlled chemical gradients. During transport, the biomolecules interact in distinct ways with the fibrillar networks: as purely diffusive factors in the soluble fluid or bound to the matrix proteins. These two main mechanisms may regulate distinct cell responses in order to guide their directional migration: caused by the substrate-bound chemoattractant gradient (haptotaxis) or by the gradient stablished within the soluble fluid (chemotaxis). In this work 3D diffusion experiments, in combination with ELISA assays, are performed using microfluidic platforms in order to quantify the distribution of PDGF-BB and TGF-β 1 across collagen and fibrin gels. Furthermore, to gain a deeper understanding of the fundamental processes, the experiments are reproduced by computer simulations based on a reaction-diffusion transport model. This model yields an accurate prediction of the experimental results, confirming that diffusion and binding phenomena are established within the microdevice.
During biomolecule transport across the ECM, diverse processes take place leading to a heterogeneous and varied biochemical scenario by means of paracrine and autocrine signalling; actually, the yielding biochemical environment has great effect on major cell responses, such as proliferation, differentiation and migration. [4] [5] [6] [7] [8] [9] [10] While diffusion through the matrix pores in form of soluble molecules take place, the ECM also serves as reservoir by offering binding sites to the GFs and, therefore, leading to a solid-state availability of them. [11] [12] [13] [14] In addition, GFs also interact with other molecules resulting in their degradation. 15 Particularly, distinct directional single cell migrations (comprised of chemosensing, polarization and locomotion) are distinguished in function of their specific cause. 16 Migration towards a soluble chemoattractant is usually defined as chemotaxis; otherwise, when the bound GF influence cell motility, by guiding cell adhesion, is denominated haptotaxis. 9, 17, 18 Both mechanisms are crucial to cell migration and, therefore, strongly impact on developmental and regenerative processes.
Thus, a deeper knowledge of the diffusion behavior of GFs within the ECM, and the related adhesion and degradation processes, is critical in order to elucidate and predict the different chemotactic and haptotactic gradients of the biomolecules, which directly affect cellular behavior.
Numerous studies have identified several GFs that play an important role by mediating a wide range of biological processes. [19] [20] [21] [22] These studies have been performed using two-dimensional (2D) substrates. However, the in-vivo microenvironment mostly corresponds to a three-dimensional (3D) structure. Actually, significant differences in the behaviour and effect of GFs have been identified by comparing 2D and 3D models, with 3D models mimicking more closely the in-vivo behavior. [23] [24] [25] Furthermore, in the last years microfluidic approaches have emerged to recreate cellular niches. [26] [27] [28] [29] [30] [31] These platforms allow for a controlled 3D microenvironment by including hydrogels (mimicking the ECM of tissues) and the generation of chemical gradients of diverse factors in a systematic way. 27, [32] [33] [34] [35] [36] [37] [38] [39] Such a microenvironment gives rise to more reliable information about the effect of GFs during in-vitro assays in order to address biological questions.
Among the many different GFs, platelet-derived growth factor-BB (PDGF-BB) and transforming growth factor-β1
(TGF-β 1 ) have received increasing attention due to their diverse biological effects. PDGF-BB is a pro-migratory factor that plays a key role in the early stage of wound healing by enhancing proliferation and the recruitment of the fibroblasts to the wound site for ECM deposition. 40, 41 On the other hand, TGF-β 1 stimulates fibroblasts differentiation into contractile myofibroblasts, which are responsible for matrix deposition and remodeling. 41 Furthermore, it has also been reported the capability of these GFs to bind to different extracellular components exerting their biological activity. 1, 11, 13, 38, [42] [43] [44] This fact points to an important regulatory mechanism in physiological and pathological processes. In fact, their interaction with collagen and fibrin ECM-proteins is of high physiological relevance.
Collagen I is one of the major components of the connective tissue, accounting for up to 30% of the total protein in the human body. 2, 45, 46 Fibrin is an essential constituent of healing or angiogenic processes. [47] [48] [49] Under physiological conditions, both can also be assembled in-vitro leading to the conformation of hydrogels in which cells are cultured and grown, thereby recreating biomimetic 3D physicochemical environments.
In order to design physiologically relevant in-vitro models, gradients of GFs are established across the hydrogels which are installed into the microfluidic devices. The ability to control cell behaviour by regulating the availability of GFs provides a powerful tool to study and manipulate a wide array of developmental and regenerative processes that are important in biology, biomedicine and bioengineering. 50 Therefore, knowing the actual character of the distribution and gradients of GFs, becomes essential in order to interpret and quantify cell response of in-vitro assays. In this work, we present a characterization of the transport of PDGF-BB and TGF-β 1 through two different hydrogels, collagen and fibrin, included in a microfluidic platform. The spatio-temporal distribution of each GF, together with their degradation process, are determined by combining experimental and computational approaches. Moreover, this versatile tool can be applied to further quantify the nature of other GFs or hydrogels allowing for a deep insight into the in-vitro conditions.
II. MATERIALS AND METHODS

A. Microfluidic device fabrication
The geometry of the microfluidic devices is shown in Fig. 1 : it contained a central channel, in which the hydrogel was located, and two media channels (addition and opposite channels) at both sides of the central channel in direct connection with the gel in order to ensure diffusion and hydration. The microfluidic devices were made of polydimethylsiloxane (PDMS -Dow Corning GmbH Sylgard 184, Dow Chemical, Germany) at a ratio of 10:1 polymer to cross-linker, using SU8-silicon wafers (Stanford University, CA) obtained by soft lithography as previously described. 51 PDMS microdevices were autoclaved and dried at 80 ºC overnight. Finally, they were plasma-bonded and treated with poly-D-lysine (PDL) solution (Sigma-Aldrich, Germany). (2) compartments. The hydrogel is injected into the central cavity (pink), whose dimensions are 2.5 x 1.3 mm; the main channels (green and blue) are filled with culture media or PBS. When a GF or dextran is added in order to establish a chemical gradient, it is included in the addition channel (green) and diffuses through the hydrogel towards the opposite channel (blue).
B. Hydrogel preparation
Two types of physiologically relevant hydrogels were assayed in this study, collagen and fibrin, in order to evaluate two different biomimetic scaffolds with regard to their chemical composition and physical properties.
Collagen I gel solution (BD Biosciences, Spain) was prepared at 2 mg·ml -1 and pH 7.4, 51 while for fibrin hydrogel human fibrinogen (American Diagnostica GmbH, Germany) was diluted in the buffer indicated by the manufacturer (50 mM Tris, 100 mM NaCl and 5 mM EDTA) at pH 7.4, and mixed with human factor XIII (American Diagnostica GmbH, Germany), human α-thrombin (American Diagnostica GmbH, Germany), CaCl2 (Sigma-Aldrich, Germany) and cell culture media FGM-2 BulletKit (Lonza, Belgium).
Hydrogels were then pipetted into the devices followed by gelation for 20 minutes in the incubator and hydrated right afterwards. The gels were kept in the incubator for 24 hours prior to any subsequent experiment. The media channels were then filled with PBS containing 20 kDa-dextran or FGM-2 media with the GFs, PDFG-BB or TGF-β 1 , as described in following sections.
C. Characterization of dextran diffusion
To characterize the transport of biomolecules in both hydrogels and determine the chemical gradients generated through the device, 20 kDa-fluorescein isothiocyanate-dextran (Sigma-Aldrich, Germany) was prepared in PBS at 15 µg·ml -1 (Lonza, Belgium) and added in one of the media channels (addition channel), while PBS was added in the opposite media channel (see schematic in Fig. 1 ). The diffusion phenomenon was imaged by confocal imaging using a Nikon D-Eclipse C1 Confocal
Microscope employing a CFI Plan Apo Lambda 2X objective.
D. Experimental quantification of GF concentration
The study of degradation and transport processes in microfluidic platforms was performed by the addition of 50 ng·ml
PDGF-BB (Abcam, UK) or 10 ng·ml -1 TGF-β 1 (BD Biosciences, Spain) in the addition channel and the determination of their concentrations by ELISA in both, addition and opposite, channels (see Fig. 1 ).
The degradation assays were performed without any hydrogel in the central chamber of the device in order to evaluate the reduction in the concentrations of the GFs without the influence of the gel; hence, avoiding the interference of diffusion and binding mechanisms. Control samples (without GFs) were also assayed. In spite of this, for the experimental quantification of the GFs concentration pattern, the hydrogels were included within the microfluidic platforms.
To determine the PDGF-BB concentration, the PDGF-BB Human ELISA Kit (Abcam, UK) was used according to 
E. Modeling the GF transport within the hydrogels
In order to simulate the transport of factors through the hydrogels, as shown in Fig. 1 , two compartments of the device were distinguished in our model: the channel compartment (1), where the factor is mixed with the media fluid, and the hydrogel compartment (2), that is the cavity in which the hydrogel is installed into the microdevice. Although the same equation was used for both compartments, the parameters varied depending on them, since different phenomena occurred in these domains.
We proposed a reaction-diffusion transport model, where the transport equation is derived from the law of conservation of mass and a suitable constitutive equation for the flux of the chemical factor (Fick's law):
where index i refers to the compartment, c is the concentration of the factor, D is the effective diffusion coefficient and R represents the mass reduction due to both phenomena, the degradation in the channel compartment or the binding to the matrix in the hydrogel compartment. The reaction term R can be written as a function of the specific compartment:
where k and k are the degradation and binding rates, respectively.
The reaction-diffusion process in the domain, as depicted in Fig. 1 , is essentially planar. Therefore, we employed a 2D
Finite Element simulation based on linear triangle elements and a Euler backward time integration scheme. 52 The mesh contained approximately 3000 elements with characteristic element sizes between 0.1 and 0.4 µm. The total time of 24 hours was subdivided into 864 steps, with a step size of 100 seconds each. On all boundaries of the domain, zero flux boundary conditions were applied.
F. Diffusion coefficient estimation
The standard diffusion coefficient of an element of radius r within a continuous fluid, can be calculated by the StokesEinstein equation as: 53 6 where k is the Boltzmann constant, T the absolute temperature and η the viscosity of the fluid. The values of the standard diffusion coefficient obtained for each chemical factor, together with their radius, are shown in Table I . a The standard and specific diffusion coefficients particularized for each chemical factor, together with the corresponding assumed radius, are shown. For dextran, its radius has been indicated from the provider; the value for PDGF-BB has been estimated from the Protein Data Bank; and the one of TGF-β1 has been taken from a previous work. 54 However, the diffusivity is altered when these molecules diffuse through a fibrous matrix (for instance, the hydrogel) instead of in a continuous fluid medium. Therefore, an effective diffusion coefficient was defined, which does not depend only on the molecular size but also depends on the void ratio of the porous medium in which the factor is moving. Ogston et al. (1973) and Kim and Tarbell (1994) defined an effective diffusion coefficient as follows: 55, 56 • 1
where φ is the void ratio of the matrix, r the radius of the molecule and r is the fiber radius.
These parameters, which are gathered in Table II , were quantified for both collagen and fibrin gels by means of measurements implemented on Scanning Electron Microscope and Confocal Reflection images. Hence, in function on the matrix through which molecule transport occurred, the assumed effective diffusion coefficients in the hydrogel compartment are shown in Table I . 
III. RESULTS
In order to characterize the spatio-temporal distribution of the GFs, experimental assays were performed as well as computational simulations. All the studies were carried out using PDGF-BB and TGF-β 1 as GFs, and establishing chemical gradients across collagen and fibrin hydrogels.
At first, the computational model was validated by characterizing the transport of dextran. Afterwards, in order to elucidate the events occurring during GF transport in the porous-gel media, different aspects were considered: degradation measurements and assessment of the distribution of GF concentration. Next, finite element simulations of GF transport were carried out in order to replicate the in-vitro experiments, allowing to improve the understanding of the biochemical environmental cues that are induced.
A. Characterization of dextran transport dynamics
The distribution of the diffusing 20 kDa-fluorescein isothiocyanate-dextran was imaged 4 hours after addition in both collagen and fibrin gels. As demonstrated in Fig. 2 (a and b) , the purely diffusive pattern was spread all over the microfluidic device. Furthermore, the computational simulation of the experiment for a diffusion coefficient of 1.75·10 -11 m2·s
, as indicated by the provider, based on the Fick's Law (without any presence of binding) was able to predict the transport of dextran through the scaffold. Hence, as shown in Fig. 2 , it confirmed the suitability of our model to predict such processes since the dye concentration profile deriving from both methods matched.
B. Experimental measurements of GF degradation
For the assessment of GF degradation in the devices, the concentration of PDGF-BB and TGF-β 1 were evaluated 24
hours after factor addition. Employing the devices without any hydrogel allowed for an accurate quantification of the decrease in their concentrations by degradation. The samples collected from the media channels were evaluated by enzymelinked immunosorbent assays (ELISA) and the concentration values obtained were plotted with respect to the initial concentrations, 100% being 50 ng·ml -1 of PDGF-BB or 10 ng·ml -1 of TGF-β 1 .
After 24 hours, the concentration values for PDGF-BB and TGF-β 1 were 45% and 70%, respectively, as shown in Fig. 3 .
Hence, the reductions in the concentration of the factors were approximately 55% and 30%, yielding a lower decrease in the concentration of TGF-β 1 than exhibited by PDGF-BB. These results highlighted the differences in the degradation processes of PDGF-BB and TGF-β 1 in the devices, and showed TGF-β 1 to be significantly more stable in our experimental analysis. 
C. Experimental quantification of GF concentration
ELISA assays were performed to quantify the transport of the studied GFs across the hydrogels held in the microfluidic devices. 50 ng·ml -1 of PDGF-BB or 10 ng·ml -1 of TGF-β 1 were added to one media channel (the addition channel) and the samples were obtained after 24 hours from both media channels (the addition channel and the opposite one).
The GFs, PDGF-BB and TGF-β 1 , showed a similar distribution for both hydrogels as displayed in Fig. 4 and 5.
Regarding PDGF-BB, for collagen hydrogels, the GF concentration detected in the addition channel compared to the initial state (50 ng·ml -1 = 100%) decreased down to 40%, while the concentration obtained in the opposite channel reached 4%. In fibrin hydrogels, percentages of approximately 45% and 8% were obtained in the addition channel and in the opposite one, respectively, when PDGF-BB was added. For the other GF, TGF-β 1 , transported through collagen gels, the concentration percentage obtained from the addition channel was 30%, whereas the concentration in the opposite channel was 5%. For fibrin gels, the percentages of TGF-β 1 from the addition and opposite channels were 30% and 4%, respectively. In summary, the results of this subsection precisely show the chemical gradients across the hydrogel in each considered GF-ECM combination. 
D. Numerical predictions of GF transport
The model detailed in Section 2 allowed to describe the transport of GFs through hydrogels by means of three main parameters: the effective diffusion coefficient, which strongly depends on the molecular size of the factor and the geometry of the porous scaffold; the degradation rate of each specific element; and the binding factor, which quantifies the ability of the molecule to bind to the matrix.
As a main assumption, we considered that the theoretical estimation of the effective diffusion coefficients in a porous matrix (presented in Section 2) was an accurate approach to model diffusion; indeed, other works also use a similar approach. 58, 59 Here, the degradation and binding rates were obtained by minimizing the difference with respect to the GF concentrations that were observed experimentally. To this end, four distinct cases were studied in order to assess these parameters: (Case 1) the values obtained in the degradation experiments were assumed as degradation rates and binding was omitted; (Case 2) the degradation rates were taken from the degradation experiments and binding rates were fitted to reduce the average difference in both channels; (Case 3) binding was omitted and the degradation rates were fitted to reduce the average difference in both channels; (Case 4) both degradation and binding rates were fitted to reduce the average difference in both channels.
The parameters estimated for each type of gel and GF are detailed in Table III and IV. The degradation and binding rates, as well as the corresponding differences with respect to the experimental values are shown. These differences are displayed as separated differences for the addition and opposite channels, and also as the average of both differences, which was minimized by the parameter adjustment. Indeed, the average difference was reduced when both binding and degradation rates were adjusted, which corresponded to the denominated Case 4. Fig. 4 and 5 compare and visualize those optimized differences between experimental data and the numerical predictions for PDGF-BB and TGF-β 1 in both hydrogels. The transport mechanisms predicted by the numerical simulations led to a deeper insight of the chemotactic and haptotactic gradients that are generated across the gels during GF transport. Therefore, the chemotactic and haptotactic gradients, that were established due to matrix binding or fluid diffusion processes for PDGF-BB and TGF-β 1 , were demonstrated. The distributions of both GFs are plotted and illustrated in Fig. 6 and 7 , which show the concentration pattern established across the collagen and fibrin hydrogels. 
IV. DISCUSSION
Directional cell migration is key to several physiological processes such as metastasis, morphogenesis and wound healing. [60] [61] [62] Particularly, the application of controlled chemical gradients of in-vitro assays is fundamental to interpret and quantify the cellular response to different biochemical conditions. Microfluidic devices show the unique feature of mimicking real cellular niches together with well-controlled chemical gradients. For this reason, a huge effort has been dedicated to their development by the scientific community. 26, 27, 51, 60, 63, 64 In 2D, chemical gradients are employed for a wide range of different applications. 31, 35, 36, 65, 66 Nevertheless, 3D systems allow for stable chemical gradients across chips containing hydrogel scaffolds, which better recreate the real ECM, and provide physiologically more relevant models. Indeed, several works are directed to the characterization and application of chemical gradients in 3D microsystems in order to address distinct biological issues. 4, 34, 37, 39, 64, 67 Most of these works consider diffusion and degradation of GFs as the main mechanisms during biomolecule transport.
However, there are accumulating data showing the specific binding of GFs to the ECM-proteins in-vivo as well as invitro. 1, 11, 13, 38, 43, 44 This leads to a heterogeneous spatial distribution of matrix-bound (or solid state) chemical factors that regulates the transport of GFs inside the ECM. Therefore, it is fundamental to distinguish chemotactic (soluble factors regulated by diffusion within the interstitial soluble fluid) from haptotactic (solid state factors determined by binding to the ECM) gradients. Indeed, the high physiological relevance of haptotaxis has been pointed out. For example, Martino et al.
(2013) have proposed the nature to act as a GF reservoir as the main physiological function of fibrin, 13 highlighting its direct and important role during wound healing.
In addition, several works indicate the distinct impact exerted by both taxis phenomena on the cellular migration patterns, in contrast to those that consider chemotaxis as a process including haptotaxis. Firstly, we assumed that the diffusion coefficient of the GF in the interstitial soluble fluid is dominated by the equation of Stokes-Einstein, 69 corrected by means of the Ogston approximation, 55 that takes into account the complex pore space between the fibers defining the scaffold hydrogel microstructure. Actually, the Ogston approximation is one of the most used techniques to quantify the effective diffusive transport properties of molecules within collagen hydrogels. 70 Then, we supposed the degradation rate of the GFs to be a linear function of the concentration. For each specific experiment we estimated the degradation rate parameter in order to minimize the differences between in-vitro and in-silico experiments.
Finally, we accepted that the GF not diffusing within the fluid and not degrading was going to be bound to the matrix.
Although we were not able to measure it, this assumption is not new and many different authors have considered a similar hypothesis; for example, Zhang et al. (2010) analyzed the role of diffusible binding patterns in modulating the transport and concentration of proteins in cartilage. 44 In addition, there are also other experimental works that report the binding of PDGF-BB and TGF-β 1 to fibrinogen and collagen I as a crucial phenomenon in their transport. 13, 14, 43 Moreover, since GF concentrations are very low, it is considered that enough binding points in the hydrogel are always available and these are never saturated.
Despite these simplifications, this work clearly showed the ability of the model to predict all the results obtained from the in-vitro experiments by incorporating the effective diffusion, binding and degradation phenomena, as shown in Table III and IV. Among all analyzed conditions the smallest average differences were achieved for Case 4, obtaining a degradation rate very similar to those experimentally measured. Nevertheless, there are significant differences depending on the hydrogel and the GF of interest. Regarding the transport of PDGF-BB in the hydrogels, the binding rate is much more significant for collagen than in the case of fibrin gels, where the effects of degradation and diffusion processes are more relevant. Indeed, Somasundaram and Schuppan (1996) confirm the specific binding between PDGF-BB and collagen I: approximately 40% of the added factor was the bound portion in their experiments. 43 In contrast, the promiscuity of PDGF-BB to bind fibrin is published to be of very short term, since Martino et al. (2013) measured that in 24 hours 75% of the fibrin-bound PDGF-BB was released to the ECM. 13 This fact explains the insignificant binding activity measured in this case. However, it could not explain whether the factor continues to be active or inactive once it is released, which could elucidate the possible existence of a shift among the bound and soluble factor proportions.
Concerning the transport behaviour of TGF-β 1 , although the binding phenomenon is significant for both collagen and fibrin gels, it is 2-fold higher in the case of fibrin. Regarding the binding capability of TGF-β 1 , it is known to bind fibronectin and collagen type IV; however, to our knowledge, there is no evidence to bind collagen I. Hence, although our predictions are consistent with the experimental approach, conscious by the existence of bound TGF-β 1 in collagen hydrogels, this event should be further cleared up. In contrast, the data obtained for fibrin hydrogels are compatible with those demonstrated by Martino et al. (2013) , 13 since 24 hours after addition they still found 55% of the initial amount of bound TGF-β 1 .
V. CONCLUSIONS
Microfluidic platforms are potential means to create 3D in-vitro models, since this versatile technology allows for biomimetic microenvironments by including hydrogels and generating chemical gradients that direct cellular processes such as single cell migration. In this work, it is demonstrated that establishing chemical gradients in microdevices with biomimetic hydrogels is not straightforward, but different phenomena have to be considered, such as, effective diffusion, degradation and binding to the matrix. For such in-vitro assays, therefore, two main regulatory mechanisms determine the cues that cells may sense in these physiological microenvironments: the chemotactic and haptotactic stimuli.
